Recent evidence suggests that carbonic anhydrase (CA) IX in humans is under the regulatory control of hypoxia inducible factor and is over-expressed in certain cancers. However, little is known of its presence in non-mammalian vertebrates, or its physiological function in any vertebrate. The objective of this study was to examine and characterize the presence, distribution, induction by hypoxia and physiological function of CA IX in the zebrafish. Zebrafish CA IX was highly expressed in the eye, brain and gastrointestinal tract, and showed increased expression in the eye, brain and muscle in response to hypoxia (water PO 2 = 24 mm Hg). The hypothesis that increased CA IX expression during hypoxia would act to attenuate intracellular acidosis was then examined. Muscle intracellular pH (pH i ) decreased after 4 h of hypoxic exposure (from 7.15 ± 0.02 to 7.06 ± 0.01 pH units), and did not recover by 24 h. Manipulation of extracellular CA activity via intraperitoneal injection of either bovine CA or the selective extracellular CA inhibitor F3500 revealed that while increased CA activity could fully restore pH i , removal of extracellular activity did not result in further acidosis. An exercise-induced acidosis was also attenuated in fish treated with bovine CA; however the increased extracellular CA expression resulting from hypoxia had no affect. These data suggest that although extracellular CA can potentially minimize the impact of hypoxia on muscle pH i , the actual level of extracellular CA activity is likely insufficient to achieve this goal, even when enhanced by hypoxia-induced increases in CA IX expression. Sly WS, Grubb JH, Shah G, Tureci O, and Rajaniemi H. Expression of a novel transmembrane carbonic anhydrase isozyme XII in normal human gut and colorectal tumors. Am J Pathol 156: 577-584, 2000. 21. Kivela AJ, Kivela J, Saarnio J, and Parkkila S. Carbonic anhydrases in normal gastrointestinal tract and gastrointestinal tumours. World J Gastroenterol 11: 155-163, 2005. 22.
Introduction
Carbonic anhydrase (CA) is a nearly ubiquitous metalloenzyme that catalyzes the reversible hydration/dehydration of carbon dioxide. Some form of this enzyme has been found in virtually every living organism, but only members of the α-CA gene family are found in vertebrates (10, 16, 49) . To date, 16 different α-CA isozymes have been characterized in mammals by means of their kinetic properties, sub-cellular location and genetic sequence (3, 15) .
These isozymes are found in many different tissues and are involved in a number of homeostatic processes, including carbon dioxide transport, ion exchange and acid-base balance (3, 12) .
Carbonic anhydrase has also been implicated in many human diseases, including glaucoma, altitude sickness and epilepsy (3) . More recently, evidence has linked overexpression of various CA isozymes to the onset and proliferation of certain cancers. In particular, CA IX has been the focus of much research effort owing to its almost exclusive expression in the progressive front of tumors (38, 39, 47) . The isozyme itself is primarily an extracellularly-oriented, high activity form (similar in activity to mammalian CA II) with a single transmembrane domain spanning 25 amino acids (33, 34) . To date, the only known endogenous expression of this protein is in the mouse skeletal muscle sarcoplasmic reticulum (44) , and the epithelial cells of the mammalian gastrointestinal tract (21, 35, 40) ; however, it is highly expressed in many types of cancer. The local hypoxia that is characteristic of the tumor cell environment has been postulated to be the likely cause of CA IX over-expression in tumors (47) .
CA IX has been found to be transcriptionally regulated by hypoxia inducible factor (HIF-1); a single hypoxia response element (HRE) and associated hypoxia ancillary sequence have been localized to the 500 bp sequence upstream of its promoter region (60) .
The role of CA IX in the development and progression of cancer is unclear at present.
Endogenous extracellular CA IX in cultured MDCK epithelial cells was found to cause an extracellular acidification under hypoxic conditions (46) , yet tumor cells maintain intracellular pH in spite of the acidic extracellular space (47) . As such, current hypotheses suggest that CA IX promotes tumor growth both by actively creating the acidic extracellular environment necessary for tumor cell proliferation, and by preventing apoptotic cell death normally induced by intracellular acidosis (38, 39, 47) . In either case, a functional association of CA IX to a proton or bicarbonate transport protein would be needed; however, such an association has not yet been demonstrated, nor has the expression/activity of any transport protein been found to increase in concert with CA IX (38, 39) . Consequently, the exact role of CA IX in cancer cells remains ambiguous. Additionally, a secondary protein domain, a proteoglycan-like binding site, has been implicated in tumor metastasis, possibly by interfering with normal cell adhesion mechanisms (61) (62) (63) .
Interestingly, little is known of the physiological function of CA IX in normal (noncancerous) tissues, nor the role that it may play in the hypoxia response of these tissues.
Zebrafish (Danio rerio) provide an excellent comparative model in which to pursue these questions. Unlike mammals, fish regularly encounter hypoxic conditions and therefore exhibit well-developed hypoxia responses (30, 31) . In addition, studies of CA IX in non-mammalian organisms may provide valuable information regarding the evolution and physiological function of CA IX under both normoxic and hypoxic conditions. To this end, zebrafish, a species with a well-documented hypoxia response system (51, 52, 54) , was used in the present study to examine and characterize the presence, distribution and hypoxia responsiveness of CA IX. Based on evidence suggesting that CA IX contributes to pH regulation in cancer cells, the effectiveness of hypoxia-inducible CA expression in alleviating intracellular acidosis in zebrafish was also examined.
Materials and Methods

Animals and experimental manipulations
Adult zebrafish (Danio rerio; approximately 0.5 -1.5 g) were obtained from a commercial supplier (Big Al's; Montreal, Canada). Fish were housed in a recirculation system consisting of clear 4 L aquaria (approximately 15 fish per aquarium) supplied with a constant flow of filtered, dechloraminated city of Ottawa tap-water at 28°C. Fish were fed daily with commercial feed, and kept on a 12 hour light:dark cycle. Zebrafish were housed under these conditions for at least 2 weeks prior to experimentation.
Hypoxia exposure experiments were carried out at 15% of the normal partial pressure of O 2 (i.e. PO 2 = 24 mm Hg). To accomplish this, water supplying the chamber was first passed through an equilibration column that was bubbled with a mixture of N 2 and air provided by a gas mixer (GF-3/MP gas mixing flowmeter, Cameron Instruments). Water PO 2 was monitored using fibre optic O 2 electrodes (FOXY AL300, Ocean Optics) integrated with compatible hardware and software (Ocean Optics). Tanks were supplied with hypoxic water for 24 h prior to the introduction of fish, and fish were exposed to hypoxia for periods ranging from 2 to 144 h.
Exercise protocols consisted of chasing a group of fish (12-15 fish) to exhaustion with a net.
Fish were determined to be exhausted when they failed to resist being removed from the tank via the net.
To manipulate CA availability, fish were treated with one of: bovine erythrocyte CA (Sigma-Aldrich c-3934; 15 mg kg -1 body weight), acetazolamide (Sigma-Aldrich; 100 mg kg -1 body weight), polyoxyethylene-aminobenzolamide (F3500; synthesized in house according to the procedure of Conroy et al. (4) ; 300 mg kg -1 body weight), or 0.9% NaCl (the vehicle in which other drugs were dissolved). Acetazolamide is a rapidly permeating CA inhibitor, while F3500 is restricted to the extracellular environment. Drugs were administered by intraperitoneal injection using a 50 µL Hamilton syringe with a 31 gauge needle. In all cases, injection volumes were kept below 10 µL. Animals used in hypoxia studies were allowed a 1 h post-injection recovery period prior to hypoxic exposure, while animals used in exercise experiments were allowed a 4 h post-injection recovery period to ensure that CA or the CA inhibitor was fully distributed throughout the body fluids.
All animals used for mRNA analysis were terminally anaesthetized in an aerated solution of benzocaine (ethyl p-aminobenzoate; 1 g L -1 ). For measurements of pH i , fish were housed in aquaria fitted with opaque surfaces, and were anaesthetized in an aerated, buffered solution of MS-222 (0.2 g L -1 NaHCO 3 , 0.2 g L -1 tricaine methanesulphonate; MS-222) prior to sampling to reduce muscular activity that might affect pH i . Muscle samples (3 fish per sample) consisted of the tail region of the fish (i.e. the region between the anal and caudal fins). After sampling, the skin was quickly removed and the tissue was immediately frozen on dry ice, and subsequently stored at -80°C. It should be noted that dry ice could potentially affect pH measurements via CO 2 contamination; however, as all samples were treated identically, this possibility was not expected to affect conclusions drawn from the data. This assumption was supported by the observed pH i trends for hypoxia and exercise, which conformed to typical profiles.
Molecular techniques
Total RNA was extracted from samples (approximately 100 mg) of combined tissue from 4-5 individuals using Trizol reagent (Invitrogen) according to manufacturer specifications.
Tissue homogenization was performed using a 21 gauge needle attached to a 3 mL syringe, with samples being considered homogenized when the mixture could pass easily through the needle.
RNA was then quantified using a microplate (Spectramax 340PC; Molecular Devices) or ND-1000 (Nanodrop) spectrophotometer at a wavelength of 260 nm. Prior to cDNA synthesis, samples were treated with amplification grade DNase (Invitrogen) to ensure the absence of contaminating genomic DNA. First strand cDNA synthesis was then performed on 2 µg of DNase-treated total RNA, using RevertAid H-minus MULV reverse transcriptase (Fermentas) and random primers (200 ng per reaction). The procedure was performed as specified by the manufacturer, and the final cDNA sample was diluted with an equal volume of autoclaved water.
For zebrafish CA IX, a predicted sequence available in GenBank (XM_689890) was verified using a combination of reverse transcriptase-PCR (RT-PCR) and rapid amplification of cDNA ends (RACE) techniques. All PCR products were ligated into pDrive vectors (Qiagen), transformed into DH5α cells (Invitrogen), and subsequently sequenced. For all real-time RT-PCR analysis of gene transcript levels, primers (Table 1) were designed using Genetool software (BioTools Inc.) and were selected for optimal amplification at an annealing temperature of 58°C.
The specificity of individual primer pairs was verified by sequencing of amplicons. All real-time RT-PCR reactions were performed using a SYBR green master mix kit (Stratagene) and analyzed using a Mx4000 real-time PCR system and associated software (Stratagene). Both the composition of the reaction and the thermocycler settings were those suggested by the manufacturer, and a dissociation curve was created and evaluated for each reaction to assess the specificity of the primer pairs. "No reverse transcriptase" control templates were used to ensure that the generated amplicons did not originate from genomic DNA. These were produced by omitting the reverse transcriptase during the cDNA synthesis procedure. Standard curves were used to assess reaction efficiency. Whole body zebrafish cDNA was serially diluted (1 in 5) in RNase/DNase-free molecular grade water (Fisher) for a total of 6 diluted samples. Subsequent reactions used 2 µL of each diluted template, and the resulting cycle thresholds (ct) were regressed against the relative template concentration. Primer pair efficiencies were deemed acceptable if they fell within the range of 85-115%, with an R 2 ≥ 0.98. The modified delta-delta ct method of Pfaffl (36) was employed to evaluate the relative mRNA expression of the gene of interest; 18S (template diluted 1000-fold) was used as the reference gene, and normoxia-exposed fish as the control group. For tissue distribution analyses of CA IX, an appropriate control group was chosen based upon ct values (i.e. the control tissue was selected to be one with a ct value of ~22).
Sequence analysis
A theoretical assessment of the zebrafish CA IX protein structure was performed to determine whether the translated protein would be membrane-associated. The SignalP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP/) was used to assess whether the protein contained an N-terminal signal peptide, a region common to membrane-associated proteins. In addition, the THMHM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) was used to search for transmembrane domains within the coded protein.
The putative active site pockets of zebrafish, mouse and human CA IX isozymes, as well as the high activity human CA II isozyme, were compared. For this analysis, the putative active site pocket was deduced via alignment of the three CA IX sequences with those for human CA II and VII using ClustalX (version 1.8). with TBR branch swapping, ACCTRAN character state optimization enforced, with random stepwise additions and 1000 random addition replicates. NJ was performed on a matrix of mean character distances. Support for nodes in both cases was obtained through bootstrap analyses with 1000 pseudoreplicates. All analyses were performed using Drosophila melanogaster CA (NM_978837) as an outgroup, as previously described (16) .
Gaps in sequence alignments were accounted for with three distinct series of analyses. In the first case, all possible informative gaps were included and treated as missing data. In the second analysis, all gaps were removed, whereas in the third case, all gaps were treated as a distinct character state. The final analysis could only be performed using MP. All subsequent trees were compared qualitatively for differences.
An in silico analysis of the predicted zebrafish CA IX gene (XM_689890) was used to determine whether the gene contained HREs. The entire gene (GenBank: LOC566612), including introns and exons, as well as the 3000 bp located directly upstream of the gene, was examined for the presence of the minimal consensus HRE sequence, A/G CGTG, in all possible orientations. Each potential site was then examined for the presence of possible hypoxia ancillary sequences, defined as a modified CACAG motif located 9 bp downstream of the HRE.
Biochemical analyses
CA activity was measured using the electrometric ΔpH method (13, 14) . The reaction medium consisted of 10 mL of TRIS buffer (225 mM mannitol, 75 mM sucrose, 10 mM TRIS, adjusted to pH = 7.4 by phosphoric acid) kept at 4 °C. After the enzyme source was added, the reaction was started by the addition of 400 µL of CO 2 -saturated distilled water from a 1000 µL gas-tight Hamilton syringe. The reaction velocity was measured over a pH change of 0.15 units.
To obtain the true catalyzed reaction rate, the rate of the uncatalyzed reaction was subtracted from the observed rate, and the buffer capacity of the medium was taken into account to convert the rate from pH units time -1 to mol H + time -1 . The pH of the reaction medium was measured using a Radiometer GK2401 C combined pH electrode connected to a Radiometer PHM84 research pH meter. Output of the pH meter was collected, stored and analyzed using a data acquisition system and associated software (Biopac with AcqKnowledge v3.7.3 software;
Harvard Apparatus Canada).
The intracellular pH of zebrafish muscle samples was assessed using the nitrilotriacetic acid (NTA) and fluoride method of Portner et al. (37) . In brief, approximately 100-150 mg of muscle tissue (combined samples from 3 individuals) was powdered on liquid nitrogen using a mortar and pestle, then quickly added to 500 µL microcentrifuge tubes containing 200 µL of 160 mM KF, 6 mM Na 2 NTA solution. The tube was then filled with the same solution, stirred with a needle to remove any bubbles, and capped. To pellet cellular debris, the sample was briefly vortexed, then centrifuged at 13 000 g for 15 s. The pH of the supernatant was assessed using a pH electrode and calomel reference (E301 glass pH electrode; Analytical Sensors) housed in a thermostatted (at 28°C) low-volume pH chamber (Cameron Instruments) and connected to a PHM 71 acid-base analyzer (Radiometer). It should be noted that this technique measures the combined pH of intra-and extracellular fluid; however, as discussed by Portner et al. (37) , the difference between intra-and extracellular fluid pH in fish muscle is less than 0.02.
Additionally, the authors discuss that the low amount of extracellular fluid in fish muscle (approximately 10% of the total muscle fluid) renders the contribution of extracellular fluid to the measured pH negligible.
Statistical analysis
For hypoxia time trial experiments, a one-way analysis of variance (ANOVA) was used to assess changes in CA IX relative mRNA expression from the normoxic control group. Where statistically significant variation was detected, either a Fisher's PLSD or Holm-Sidak versus controls post-hoc test was performed. This approach was also used to assess the significance of differences in pH i under different experimental conditions. In instances of real-time RT-PCR with only one experimental group, a one-sample Student's t-test was performed to determine whether the experimental value deviated significantly from 1, the relative value of the control group. In all analyses, the fiducial level of significance was 5%.
Results
Characterization of zebrafish CA IX
A zebrafish hypothetical protein sequence similar to mammalian CA IX was identified in GenBank (XM_689890), and the sequence for this putative gene was then verified via a combination of RT-PCR and RACE techniques to reveal a total transcript size of 1560 bp with a coding region of 1155 bp. Theoretical analysis of the predicted structure of the resulting protein indicated that it contained both an N-terminal signal peptide (amino acids 1-22) and a single transmembrane domain (amino acids 327-349), suggesting that the protein is a membrane-bound CA isozyme.
The protein sequence for zebrafish CA IX was then included in a series of phylogenetic analyses of the α-CA gene family resulting in well-supported trees for both NJ (Fig. 1 ) and MP (data not shown) analyses. These analyses grouped zebrafish CA IX closely with mammalian CA IX isozymes. Similarly, other membrane-bound CA isozymes from zebrafish (CA IV and XIV) also grouped closely with their mammalian counterparts. Comparison of the active site of various vertebrate CA IX isozymes to that of the high activity human CA II isozyme revealed several differences ( Table 2 ). All three known CA IX isozymes included either 10 or 11 amino acid substitutions within the putative active site pocket. However, none of these substitutions occurred in areas known to substantially change catalytic efficiency. In addition, the amino acid substitutions in the three different CA IX isozymes almost all occur at the same sites within the active site pocket.
Examination of the tissue distribution of CA IX mRNA expression using real-time RT-PCR revealed highest levels in the eye and gut (Fig. 2) , with lower levels of expression in the kidney, liver and brain. A very low level of CA IX expression was detected in muscle.
The effects of hypoxia
The presence of HREs is associated with hypoxia-sensitivity of gene expression. In examining the DNA sequence of zebrafish CA IX, a total of 71 potential HREs was found (Table   3) , with 5 occurring in the 1000 bp preceding the start codon. Of these 71 potential HRE sites, only 7 had corresponding hypoxia ancillary sequences (HAS), with one occurring in the 1000 bp preceding the start codon. Table 3B lists the two most likely gene enhancer sequences on the basis of sequence conformation of the respective regions as well as the distance separating the HRE and HAS motifs.
The response of CA IX gene expression to hypoxic exposure was tissue specific. No change in CA IX relative mRNA expression was observed in heart, gill, liver, gut or kidney during up to 144 h of hypoxic exposure (data not shown). In contrast, significantly elevated CA IX relative mRNA expression was detected in muscle (~12-fold) and eye (~5-fold), at 8 and 24 h after the onset of hypoxia exposure, respectively ( Fig. 3 ). In addition, a trend towards elevated gene expression (~3-fold) was observed in the brain after 24 h of hypoxic exposure, although this result was not statistically significant ( Fig. 3 ; one-way ANOVA, P = 0.12). Nonetheless, scrutiny of individual points, namely 24 h of hypoxic exposure, suggested that examination of the brain in further experiments should be continued. Elevated CA IX expression did not persist with prolonged hypoxic exposure, with muscle CA IX expression returning to control levels by 24 h, and levels in eye and brain returning by 144 h of hypoxia exposure.
Because these experiments compared gene expression patterns of hypoxia-exposed fish to those of normoxic fish sampled directly from the holding facility, a second series of experiments was performed to account for any effects associated with handling stress and/or different holding conditions. In this experiment, hypoxic and normoxic exposures of the same duration were run in parallel (brain and eye, 24 h exposure; muscle, 8 h exposure). Under these conditions, CA IX relative mRNA expression was significantly elevated by hypoxia in all three tissues, eye, muscle and brain (Fig. 3D) .
The functional significance of hypoxic gene induction
To address the functional significance of hypoxia-induced CA IX expression in muscle, first the muscle membrane complement of CA isoforms was evaluated. Three membrane-bound CA isozymes were identified ( Fig. 4) . At the transcript level, the predominant isozyme found in muscle under normoxic conditions was the GPI-anchored CA IV, which accounted for about 97% of the total membrane-bound CA mRNA expression in muscle. Low levels of CA IX and XII isozymes were present, whereas CA XIV mRNA was undetectable. Under hypoxic conditions, however, CA IX relative mRNA expression increased from the normoxic contribution of about 2% to approximately 17% of total membrane-bound CA mRNA expression. Interestingly, the expression of the other membrane-bound CA isozymes was unaffected by hypoxic exposure, including that of CA XII, which is known in mammals to be a hypoxia-inducible isozyme (17, 59) .
To assess the role that hypoxia-inducible CA IX may play in mediating hypoxia-induced intracellular acidosis, we examined zebrafish muscle pH i during hypoxia both with and without manipulation of CA activity. Zebrafish exposed to hypoxia experienced a significant intracellular acidosis in muscle after 4 h of exposure that persisted for the duration of the 24 h hypoxic exposure (Fig. 5 ). To manipulate CA activity, either bovine CA or a CA inhibitor was administered via intraperitoneal injection. The efficacy of the injection protocol was first verified by evaluating the degree of total muscle CA inhibition upon injection of acetazolamide, a potent membrane-permeable CA inhibitor that should reduce measurable CA activity in muscle homogenates. As expected, acetazolamide treatment significantly reduced measurable CA activity in muscle homogenates (Fig. 6) , with 94% and 75% inhibition, respectively, at 4 and 24 h post injection. It should be noted that the ΔpH method used to assay CA activity typically yields under-estimates of in vivo inhibition rates due to the 100-fold dilution of the sample in the assay preparation. The results of similar experiments to validate the effectiveness of injecting bovine erythrocyte CA in elevating extracellular CA activity were equivocal owing to the masking effects of the large intracellular CA pool. However, fish capillaries exhibit high permeability to proteins significantly larger than CA (2, 8, 9, 32) , suggesting that injected CA would easily diffuse into the plasma and extracellular fluid. To selectively inhibit only membrane-bound CA with an extracellular orientation, F3500 was used. F3500 is a polymerized form of the potent, permeant CA inhibitor aminobenzolamide, and is restricted to the extracellular environment by virtue of size (4, 27) . On this basis, intraperitoneal injection of CA was used to increase CA activity in the extracellular fluid, while F3500 treatment was used to selectively inhibit membrane-associated CA activity with an extracellular orientation. CA treatment alleviated the intracellular acidosis caused by hypoxia relative to saline-injected controls; interestingly, F3500 had a similar although not statistically significant effect (Fig. 5B) .
A second series of experiments tested whether hypoxic pre-conditioning so as to increase CA IX expression would allow zebrafish to cope more effectively with an acid-base disturbance of a different source, namely exercise. The effect of exercise on muscle pH i of normoxic zebrafish is presented in Figure 7 . The period immediately following exhaustive exercise (0 h) was characterized by a marked intracellular acidosis that was fully recovered by 2 h postexercise. During recovery from exercise-induced acidosis (0.5 h), neither hypoxic preconditioning (24 h of hypoxia exposure, 2 h of recovery prior to injection of saline, 4 h recovery prior to exercise) nor F3500 treatment (in the absence of hypoxic pre-conditioning) significantly affected the extent of the intracellular acidosis induced by exhaustive exercise (Fig. 7B ).
However, CA treatment (in the absence of hypoxic pre-conditioning) significantly enhanced pH i recovery following exhaustive exercise (Fig. 7B ).
Discussion
Carbonic anhydrase IX in zebrafish
In the present study, zebrafish, a model species with a well-documented hypoxia response system (51, 52, 54) , were found to possess a hypoxia-inducible CA IX isozyme. The transcript for this enzyme was present in several tissues including the intestine, brain and eye. Exposure to hypoxia increased CA IX mRNA expression in the brain, eye and muscle. These results suggest that CA IX may be involved in a natural protective mechanism against cellular hypoxia, a possibility that has received little attention to date.
Initial examination of the zebrafish genome yielded a hypothetical coding region for a protein similar to mammalian CA IX. Using a combination of RT-PCR and RACE techniques, both the sequence and expression of this gene were verified in adult zebrafish. Theoretical modeling of the protein structure indicated that zebrafish CA IX is a membrane-associated enzyme, as evidenced by the presence of both an N-terminal signal peptide (amino acids 1-22) and a single transmembrane domain (amino acids 327-341). The putative CA domain was predicted to have an extracellular orientation. In phylogenetic analyses of the α-CA gene family, the protein grouped very closely with the mammalian CA IX isozymes. This weight of evidence lends confidence that the protein is, in fact, a zebrafish CA IX. Interestingly, the zebrafish CA IX isozyme is missing the proteoglycan-like binding domain (MN) found in the N-terminal region of mammalian CA IX (33) . The MN domain in mammalian CA IX has been proposed to have a role in cell-to-cell adhesions and communication (61) (62) (63) . Its absence from zebrafish CA IX leads to the interpretation that the function of CA IX in hypoxia relates to classical CA catalytic activity.
The likely effectiveness of CA IX in catalyzing the reversible hydration of carbon dioxide was assessed by examining the putative active site pocket. This commonly-used method aligns CA sequences of high activity, such as CA II and VII, against a sequence of interest, with changes in structure being evaluated against the plethora of literature on the catalytic mechanism (11, 50) . Evaluation of human, mouse and zebrafish CA IX isozymes revealed a number of differences in the active site relative to human CA II. Notably, most mutations occurred at the same sites in all three CA IX isozymes and none occurred at the main sites pertaining to the catalytic mechanism, such as the zinc binding domain, proton shuttle residue or substrate associated pocket. In addition, all residues necessary for the proper orientation of the nucleophilic hydroxide ion were conserved. Although the steric effects of amino acid changes within the putative active site pocket of zebrafish CA IX are difficult to predict, the similarity of the sites of amino acid changes across zebrafish, mouse and human CA IX and the known high activity of human and mouse CA IX isozymes (11) support the inference that zebrafish CA IX is a high activity enzyme.
Real-time RT-PCR examination of CA IX mRNA expression revealed high levels in the gastrointestinal tract and eye, as well as lower levels in the brain. The available evidence suggests that CA IX expression in mammals is quite limited, with moderate expression in some tissues of the gastrointestinal tract, namely the gastric mucosa, as well as the pancreas, gall bladder and distal regions of the intestine (17, 20, 22-24, 35, 40, 42) . There is also evidence of very low expression in the liver and heart, and some expression in human foetal lung and skeletal muscle tissue (17) . The functional significance of CA IX on the basolateral membrane of cells of the gastric mucosa is currently unclear. One suggestion is that it contributes to pH i regulation by facilitating the movement of acid-base equivalents, thereby promoting cell survival in the face of the extremely acidic extracellular pH found in the lumen of the stomach and proximal intestine (21, 35) . Alternatively, its basolateral location may indicate a role in cell adhesion or communication, via the proteoglycan-like domain (21, 42) . The absence of the MN domain from zebrafish CA IX suggests that the physiological function of CA IX in the zebrafish gastrointestinal tract must be related to its catalytic activity. The absence of this domain also limited our ability to correlate CA IX mRNA expression with CA IX protein expression using a commercially available mammalian CA IX antibody (61); the epitope of this antibody is located within the MN domain that zebrafish CA IX lacks. Additionally, the low sequence similarity between zebrafish and mouse/human CA IX (35 %) prevented the use of other commercial CA IX antibodies. Although measurement of catalytic activity provides an alternative approach to addressing the link between mRNA expression and protein, the plethora of membrane-associated CA isoforms in zebrafish renders the attribution of measured catalytic activity to a specific isoform very difficult (25) . However, even though an explicit link between CA IX mRNA expression and CA IX protein could not be made in the present study, it seems likely that increased CA IX mRNA expression would lead to more CA IX protein.
The present study is the first to detect endogenous expression of CA IX in tissues such as the eye and brain. In the mammalian brain, most CA activity is associated with glial cells (6), particularly within the astrocytes that surround the neurons. A major function of astrocytes is to maintain energy stores for neurons, which are unable to produce or utilize glycogen. As such, astrocytes are almost exclusively glycolytic and constantly shuttle lactate to adjacent neurons (5) (6) (7) , which convert the lactate to pyruvate and proceed with aerobic metabolism. If CA IX in zebrafish brain is localized to junctions between neurons and astrocytes, it could function to maintain the proper proton gradients for lactate shuttling. Clearly, additional work is required to investigate the cellular localization of brain CA IX in zebrafish. In mammals, membrane-bound CA isozymes have been found in cells of the lens, choroid body, cornea and retina of the eye where they have been implicated in a number of physiological processes (58) . Again, more information is needed on the localization of CA IX in the zebrafish eye before its function can be ascertained.
Hypoxic induction of CA IX in zebrafish
Many genes that are transcriptionally regulated in response to hypoxia, including human CA IX, contain a gene enhancer motif termed a hypoxia response element (HRE) where HIF-1 binds to DNA (28) . The HRE consists of a conserved A/GCGTG sequence that is sometimes associated with a secondary region, the hypoxia ancillary sequence (HAS), located 9 bp downstream and a variation of the sequence CACAG (18, 19, 26, 41, 57, 60) . Like most enhancer elements, HREs can be found upstream, downstream, or within the gene of interest, although the majority of known HREs have been found in the 1000 bp promoter region directly upstream of the gene of interest. Multiple potential HREs were found within the zebrafish CA IX sequence, primarily in various introns. However, only 7 potential HRE sites were associated with HAS sequences, and only one of these was found in the promoter region of the gene, approximately 500 bp upstream of the TATA box promoter. The promoter region of human CA IX also contains only a single HRE and HAS that is responsible for providing the transcriptional induction in response to hypoxia (60) . Although empirical evidence is still needed to verify the functional significance of the proposed HRE and HAS elements in zebrafish CA IX, zebrafish CA IX mRNA expression was found to respond to hypoxia exposure in several tissues, including muscle, eye and brain, as the presence of potential HRE sites would suggest. Confirming that this increased mRNA expression translates into increased protein content awaits the development of an effective antibody, but protein levels would presumably follow mRNA expression under these circumstances.
Gene induction in response to cellular hypoxia typically occurs to enhance oxygen delivery to a specific tissue, and/or to protect a tissue from damaging peripheral effects of cellular hypoxia, such as acidosis. A possible role of CA IX during hypoxia is protection of tissues against detrimental effects of acidosis resulting from increased reliance on anaerobic metabolism. By analogy with the role proposed for CA IX in some tumors (17, 38, 39, 47) , CA IX would catalyze the hydration of metabolically-derived CO 2 as it exits the cell. The extracellular hydration of CO 2 would maintain the gradient for CO 2 diffusion while providing bicarbonate ions that would be recycled back into the cell, via a functionally-associated transporter, to maintain the intracellular bicarbonate stores necessary to defend against acidosis.
This hypothesis was examined in the present study by focusing on the effect of hypoxia-induced CA IX expression on pH i in zebrafish muscle, and whether this expression was sufficient to defend against a hypoxia-associated acidosis.
CA IX was the only membrane-associated CA isozyme in zebrafish muscle to increase in expression (from 2 to 17% of total membrane-associated CA expression) during exposure to hypoxia, suggesting that it plays a prominent and specific role in the hypoxia response. It is well established that muscle pH i declines during hypoxic or anoxic exposure (53, 55, 56), and this was also true for zebrafish ( Fig. 6A ). Interestingly, muscle pH i remained depressed throughout the 24 h hypoxic exposure, although muscle CA IX gene expression returned to control (pre-hypoxia) levels by 24 h (Fig. 3C ). The hypothesis that extracellular CA activity (i.e. the total activity of all membrane-associated isoforms with an extracellular orientation) was limiting to pH homeostasis under hypoxic conditions in zebrafish muscle was examined by testing the predictions that additional extracellular CA would alleviate the acidosis, raising pH i to normal levels, whereas selective inhibition of extracellular CA activity (using F3500) would exacerbate the acidosis, further lowering pH i .
As expected, addition of exogenous extracellular CA attenuated the intracellular acidosis during hypoxia, supporting the hypothesis that extracellular CA activity can aid in regulating muscle pH i during hypoxia but is insufficient to do so. However, the inhibition of extracellular CA activity unexpectedly also tended to increase pH i during hypoxia, a response that is obviously inconsistent with a role for extracellular CA in minimizing intracellular acidosis. An explanation for the latter finding is not immediately obvious. It is clear, however, that the potential to fully alleviate hypoxia-induced acidosis via up-regulation of extracellular CA protein (with CA IX presumed to play a significant role given that it is the only membrane-associated CA that is hypoxia inducible) is present, provided that CA protein levels follow mRNA expression. At the same time, however, hypoxia-induced CA IX expression is clearly not sufficient to significantly affect intracellular acid-base status during hypoxia.
To further explore the ability of hypoxia-induced CA IX expression to affect intracellular acid-base status, experiments were performed to determine whether fish pre-exposed to hypoxia would be better equipped to compensate for an intracellular acidosis of a different origin, namely exercise. We reasoned that if CA IX were important, its increased expression during hypoxia would pre-adapt the muscle to defend against acute metabolic acidosis. As expected, zebrafish exhibited a pronounced intracellular acidosis after exhaustive exercise, with a pH drop of approximately 0.8 units, similar to that observed after exhaustive exercise in other fish species (1, 29, 45) . Unlike other species, however, zebrafish displayed a much higher rate of recovery, with pH i returning to pre-exercise levels after only 2 h, as opposed to the 8-24 h recovery times reported for other species (1, 29, 45) . Faster recovery may reflect the warmer body temperature of zebrafish (28°C). More importantly, however, hypoxic pre-conditioning was without effect on pH i regulation after exercise, as was inhibition of extracellular CA activity. Both of these results once again argue against a role for CA IX in pH i regulation although the proposed hypothetical advantage of extracellular CA activity in assisting pH i regulation is supported by the attenuation of exercise-induced acidosis by the addition of exogenous extracellular CA.
Perspectives
In summary, the results of this study have filled an important gap in our knowledge of CA IX in vertebrates, from both evolutionary and physiological perspectives. This study has demonstrated that a CA IX isozyme is endogenously expressed in several tissues in zebrafish, including the first description of high endogenous expression outside the gastrointestinal tract.
In addition, evidence for hypoxia-induced expression of CA IX in normal functioning tissues including the eye, brain and muscle is reported, information that may impact on our understanding of the evolved hypoxia response in vertebrates, as well as the possible roles of CA IX in cancer development and proliferation. In contrast to the prevailing theories regarding the functional significance of hypoxia-induced CA expression, these data suggest that CA IX upregulation in muscle is not sufficient to affect intracellular acid-base status, although evidence is provided for the theoretical advantage that increased extracellular CA would confer. Thus, the physiological advantage of increased CA IX expression during hypoxia remains unclear. 
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